ABSTRACT The family Flaviviridae consists of four genera, Flavivirus, Pestivirus, Pegivirus, and Hepacivirus, and comprises important pathogens of human and animals. Although the construction of recombinant viruses carrying reporter genes encoding fluorescent and bioluminescent proteins has been reported, the stable insertion of foreign genes into viral genomes retaining infectivity remains difficult. Here, we applied the 11-amino-acid subunit derived from NanoLuc luciferase to the engineering of the Flaviviridae viruses and then examined the biological characteristics of the viruses. We successfully generated recombinant viruses carrying the split-luciferase gene, including dengue virus, Japanese encephalitis virus, hepatitis C virus (HCV), and bovine viral diarrhea virus. The stability of the viruses was confirmed by five rounds of serial passages in the respective susceptible cell lines. The propagation of the recombinant luciferase viruses in each cell line was comparable to that of the parental viruses. By using a purified counterpart luciferase protein, this split-luciferase assay can be applicable in various cell lines, even when it is difficult to transduce the counterpart gene. The efficacy of antiviral reagents against the recombinant viruses could be monitored by the reduction of luciferase expression, which was correlated with that of viral RNA, and the recombinant HCV was also useful to examine viral dynamics in vivo. Taken together, our findings indicate that the recombinant Flaviviridae viruses possessing the split NanoLuc luciferase gene generated here provide powerful tools to understand viral life cycle and pathogenesis and a robust platform to develop novel antivirals against Flaviviridae viruses.
ideal locus for the insertion of HiBiT into the HCV genome, we constructed 10 recombinant cDNA clones of HCV carrying the HiBiT gene (VSGWRLFKKIS) and a linker sequence (GS) in the N terminus of each viral protein (Fig. 1A) . Infectious titers in the culture supernatants and intracellular luciferase activities in Huh7.5.1 cells lentivirally transduced with the other piece of the NanoLuc protein (LgBiT; Fig. 1B ) then were determined at 72 h posttransfection with the recombinant HCV clones. Among the 10 HCV clones we examined, three viruses carrying HiBiT in the N terminus of E1, E2, or NS2 succeeded in the recovery of infectious viruses and luciferase expression (Fig. 1C) . The highest viral titer and luciferase activity were obtained by the transfection of the HCV clone carrying HiBiT in the N terminus of NS2. In addition, we confirmed that the HiBiT tag was fused to viral NS2 (Fig. 1D) . We therefore selected the recombinant virus for further characterization.
Earlier studies reported that the construction of the HCV recombinants incorporated a gene cassette encoding a full-length luciferase and 2A peptide of picornavirus in frame with the N terminus of the NS2 gene (18, 19) . To examine the effects of HiBiT insertion on virus propagation, growth kinetics of the parental HCV JFH-1 strain (WT) and the recombinants carrying HiBiT (HBiT Luc), or a full-length NanoLuc luciferase gene (Nano Luc), was determined in Huh7.5.1 cells (Fig. 1E ). The propagation of the HiBiT recombinant was slow but reached levels comparable to that of the parental virus at 72 h postinfection. Importantly, the propagation was significantly higher than that of the recombinant possessing a full-length luciferase, suggesting that the length of the insertion is critical for virus propagation.
To examine the stability of the reporter gene in the HiBiT recombinant, we serially passaged the virus in Huh7.5.1 cells for five rounds. The infectious titers were slightly elevated by the passages and almost reached plateau levels at around 10 6.6 focusforming units (FFU)/ml (Fig. 1F ). Although two amino acid substitutions were observed (a threonine-to-isoleucine substitution at position 1496 in NS3 and a cysteine-to-serine substitution at position 2460 in NS5A) after the serial passage, the HiBiT luciferase gene was maintained (Fig. 1G ). In addition, luciferase activities in cells infected with the recombinant viruses were similar even after five rounds of passage (Fig. 1H ). These data suggest that the HiBiT gene in the N terminus of NS2 was stable in the HCV genome.
To evaluate the specificity of the luciferase activity of the recombinant HCV, the parental and recombinant viruses were inoculated into Huh7.5.1 cells, and intracellular HCV RNA and luciferase activity were determined (Fig. 1I) . Although the increase of the intracellular HCV RNA levels of the recombinant HCV was comparable to that of the parental virus, the luciferase activity in the cells infected with the recombinant virus, but not with the parental virus, increased in accord with the increase of intracellular viral RNA.
Although only particular human hepatic cell lines are susceptible to the propagation of HCV, nonhepatic 293T cells that exogenously express Claudin1 (CLDN1), microRNA-122 (miR-122), and apolipoprotein E (ApoE) permit the complete propagation of HCV (20, 21) . Expression of the LgBiT luciferase and these host factors was examined by immunoblotting in 293T cells upon transduction with lentiviral vectors (Fig. 2A) . Although increases of intracellular luciferase activity and viral RNA upon infection with the recombinant HCV were observed in 293T cells expressing the LgBiT, CLDN1, and miR-122, an increase of those in the culture supernatants was only achieved when ApoE was additionally provided (Fig. 2B) , suggesting that the HiBiT HCV recombinant can be used to monitor the replication of HCV.
Construction and characterization of the recombinant flaviviruses carrying the HiBiT gene. To construct the luciferase-tagged recombinant flaviviruses, we used the cDNA clones of JEV strain AT31 (22) from Culex mosquito-borne virus and the DENV-4 strain H241 from Aedes mosquito-borne virus as templates. The nonstructural protein NS1 of flavivirus is a tolerant protein for insertion of foreign peptide (23, 24) , and secretory NS1 is utilized as a marker for diagnosis of infection (25) . Therefore, we inserted the HiBiT luciferase gene in frame with the N terminus of the NS1 gene of JEV and DENV (Fig. 3A) and examined the biological characteristics of the recombinant were infected with the parental and the recombinant HCV carrying HiBiT at the N terminus of NS2 at an MOI of 1. On day 3 postinfection, cells were lysed and subjected to immunoblotting. (E) Huh7.5.1 cells were inoculated with 100 l of culture supernatants obtained from the transfected cells. The supernatants were collected at 24, 48, and 72 h postinfection. Virus titers were determined in duplicate in Huh7.5.1 cells. Asterisks indicate significant differences (*, P Ͻ 0.05) versus the results of the HiBiT recombinant virus. (F) The recombinant HCV carrying the tag in the N terminus of NS2 was passaged on Huh7.5.1 cells for five rounds, and 100 l of culture supernatants was used to infect naive Huh7.5.1 cells. At 72 h postinfection, the culture supernatants were collected, virus titers were determined, and samples were subjected to passage. (G) Sequence analyses of the recombinant viruses before (P0) and after five rounds of passage (P5). (H) The luciferase activities in cells infected with the recombinant viruses before and after passage. (I) The intracellular RNA copies and luciferase activity were determined upon infection with the parental and recombinant HCV carrying the HiBiT luciferase at an MOI of 1. Asterisks indicate significant differences (*, P Ͻ 0.05) versus the results of the parental virus.
viruses. The recombinant JEV was inoculated into LgBiT-expressing and nonexpressing Huh7 cells (Fig. 3B) , and infectious titers and luciferase activities in the culture supernatants of the cells were determined (Fig. 3C) . The infectious titers in the culture supernatants were slightly lower in the cells infected with the recombinant than in cells infected with the parental JEV (Fig. 3C, left) . Luciferase activity was detected not only in the LgBiT-expressing Huh7 cells but also in nonexpressing cells upon infection with the recombinant JEV by addition of the recombinant LgBiT protein to infected cell lysates. This result suggests that expression of LgBiT in infected cells is not required for the utility of this reporter assay and extends the suitability of the assay for use in primary cell lines and/or invertebrate cell lines that may be difficult to transduce.
To evaluate the genetic stability of the recombinant JEV, we next passaged the virus in Huh7 cells five times, and infectious titers, viral gene sequence, and luciferase activities were determined (Fig. 3D , E, and F). Similar levels of infectious titers and luciferase activities were maintained, and no mutation was detected in the viral sequence of the recombinant, including the inserted gene, after five passages (Fig. 3D , E, and F), suggesting that recombinant JEV carrying the HiBiT gene is genetically stable. In addition, significant luciferase activities were detected in both Huh7 and C6/36 cells upon infection with recombinant DENV-4 possessing the HiBiT gene in the N-terminal region of NS1 (Fig. 3G) , suggesting that the HiBiT luciferase-tagged system is applicable to flaviviruses.
Parental and recombinant JEV next were inoculated into Huh7 cells expressing the LgBiT and mosquito-derived C6/36 cells at a multiplicity of infection (MOI) of 0.1, and The cells were infected with the recombinant HCV at an MOI of 10, and the intracellular HCV RNA and luciferase activities at 72 h postinfection were determined by qRT-PCR and luciferase assay, respectively. The culture supernatants were harvested and infectious titers were determined by a focus-forming assay. The supernatants were also inoculated into the naive cells and the luciferase activity was determined by a luciferase assay. infectious titers in the culture supernatants, luciferase activities, and intracellular viral RNA levels were determined (Fig. 4A ). In the C6/36 cells, the recombinant virus exhibited slow replication in the early phase but reached a level comparable to that of the parental virus in the late phase of infection. In contrast, the replication of the recombinant JEV in the LgBiT-expressing Huh7 cells was lower than that of wild-type JEV. The luciferase activity in both cells infected with recombinant JEV, but not with parental JEV, increased in accord with the intracellular RNA.
Because flaviviruses, especially JEV, can infect various cell lines derived from invertebrate and vertebrate animals (1), we first examined the infectivity of the recombinant JEV to other cell lines derived from various mammals, including BHK-21 (hamster), HeLa (human), A549 (human), and Vero E6 (monkey) cells, in addition to the Huh7 and C6/36 cell lines (Fig. 4B ). The recombinant virus exhibited a high infectivity to all of the cell lines examined, and the intracellular luciferase activity was correlated with the intracellular viral RNA. In addition, because the flavivirus NS1 is not only a component of viral replicase but also a secretory protein used as a marker for the diagnosis of flavivirus infection (25), we examined the luciferase activity in the culture supernatants of cells infected with recombinant virus. Luciferase activities in the supernatants were correlated with the intracellular viral RNA and extracellular infectious titers. These results indicate that recombinant JEV is infectious to various cell lines and that its infection can be monitored by the expression of both intracellular and extracellular luciferase.
Construction and characterization of the recombinant pestivirus carrying the HiBiT gene. The construction of a recombinant BVDV carrying a FLAG tag in the N terminus of the envelope proteins has been reported to exhibit characteristics similar to those of parental virus (26) . Thus, we have generated a recombinant BVDV possessing HiBiT luciferase in the N terminus of the envelope protein E2 (Fig. 5A ) and have determined its virological properties. Bovine MDBK cells were infected with parental and recombinant BVDV at an MOI of 0.1, and the infectious titers in the culture supernatants and the luciferase activities and viral RNA in the cells were determined. Because of the difficulty of achieving the exogenous expression of LgBiT protein in MDBK cells, luciferase activity was determined by the addition of recombinant LgBiT protein into cell lysates. The recombinant BVDV showed propagation that was comparable to that of the wild-type virus and produced increasing luciferase activity in cells upon infection (Fig. 5B) .
Because HiBiT was inserted into the E2 envelope protein of BVDV, we examined the effect of insertion on physical properties of the viral particles. The parental and recombinant BVDV particles in the supernatants were analyzed by buoyant density ultracentrifugation, and infectious titers and viral RNA in each fraction were determined (Fig. 5C ). The highest infectious titers and viral RNA of wild-type and recombinant BVDV were detected at densities of 1.07 and 1.08 g/ml, suggesting that the insertion of HiBiT in the N-terminal E2 region has no effect on particle formation of BVDV.
To evaluate the genetic stability of the recombinant BVDV, we next passaged the virus in MDBK cells five times, and infectious titers, luciferase activities, and viral genome sequences were determined. Similar levels of infectious titers at around 10 7 50% tissue culture infective doses (TCID 50 )/ml and luciferase activities were maintained, and no mutation was detected in the viral sequence of the recombinant, including the inserted gene after five passages (Fig. 5D , E, and F), suggesting that recombinant BVDV carrying the HiBiT gene is genetically stable.
Application of HiBiT Flaviviridae viruses for drug screening and investigation of in vivo viral dynamics. Direct-acting antiviral (DAA) agents have been applied in a clinical setting for chronic hepatitis C patients (27) . In the present study, to determine the sensitivity of the HiBiT recombinant HCV to treatment with antiviral drugs, Huh7. (Fig. 6A) . The intracellular HCV RNA was reduced in a dosedependent manner for each reagent and was correlated with luciferase activity, suggesting that the sensitivity of luciferase expression upon infection with recombinant HCV is comparable to that of the viral RNA determined by quantitative reverse transcription-PCR (qRT-PCR). To evaluate the sensitivity of recombinant JEV to treatment with antiviral reagents, Huh7 cells next were treated with mycophenolic acid (MPA) and IFN-␣ at 1 h postinfection with recombinant JEV, and intracellular viral RNA and luciferase activities were determined at 48 h postinfection (Fig. 6B) . Intracellular viral RNA and luciferase activities were reduced in a dose-dependent manner for each reagent, as seen in the infection with recombinant HCV. MPA also exhibits antiviral activity against pestivirus (28); therefore, MDBK cells were treated with various concentrations of MPA at 1 h postinfection. Intracellular BVDV RNA and luciferase activities were determined at 48 h postinfection (Fig. 6C) . In addition, recombinant BVDV was neutralized by various concentrations of polyclonal antibody against BVDV and inoculated into MDBK cells. Intracellular viral RNA and luciferase activities were reduced in a dose-dependent manner for each reagent. Collectively, these data indicate that the HiBiT recombinant Flaviviridae viruses generated in this study are useful for the screening of antiviral therapeutics.
To confirm the usefulness of the recombinant viruses for the screening of antiviral compounds, we next examined the commercially available protease inhibitor library (Table 1 ) by using recombinant HCV and JEV ( Fig. 6D and E) . Among the compounds we examined, three compounds (number 12, fluorouracil; number 20, pterostilbene; and number 39, DCV) exhibited more than 10-fold suppression of the luciferase expression in cells infected with recombinant HCV, comparable to suppression by IFN-␣ and the DAAs, including DCV and SOF. DCV (compound 39) is a well-known HCV inhibitor (29, 30) . We observed here that compound 65 (DBeQ) was the only compound that could suppress luciferase expression by more than 10-fold in cells infected with recombinant JEV, i.e., comparably to IFN-␣. DBeQ is a reversible inhibitor of p97/valosincontaining protein, a member of the ATPases associated with diverse cellular activities (31) . Thus, we assessed the antiviral activity of DBeQ in cells infected with recombinant DENV-4 (Fig. 6F) . DBeQ also showed suppression of luciferase expression comparable to that by IFN-␣ and MPA, suggesting that HiBiT recombinant flaviviruses are useful tools for the screening of antiviral reagents. We also confirmed that the compounds that inhibited viral replication exhibit no inhibitory effect on NanoBiT luciferase (Fig. 6G) .
Moreover, to obtain the HiBiT recombinant virus without preparing cDNA clones, we used the circular polymerase extension reaction (CPER) method (32) (33) (34) (35) for obtaining the recombinant flavivirus. The DENV-2 16681 strain in our laboratory was used to generate the HiBiT recombinant virus (Fig. 7) . Following our published protocol (34, 35) , we successfully obtained the infectious recombinant DENV-2, suggesting that this reporter system can be extensively applied to Flaviviridae viruses, including clinical isolates, without the construction of cDNA plasmids.
Finally, to evaluate the in vivo utility of recombinant HCV for monitoring viral dynamics and the efficacy of antiviral compounds, the HiBiT recombinant HCV was inoculated into human liver-transplanted chimeric mice (n ϭ 15 mice total), and viral RNA and luciferase activity were determined after treatment with antivirals. Upon the inoculation of recombinant HCV into chimeric mice, the HiBiT luciferase gene was maintained in the virus and all mice became viremic (Fig. 8A) , indicating that recombinant HCV can establish chronic infection in vivo. After treatment with a DAA (ombitasvir, or OBV) and pegylated IFN-␣ (PEG-IFN-␣), HCV RNA was decreased in correlation with the luciferase activity (Fig. 8B) , indicating that the in vivo viral dynamics and efficacy of antiviral reagents can be determined by using the recombinant HCV.
DISCUSSION
Reporter proteins, including fluorescent and bioluminescent proteins, have been utilized to monitor and visualize intracellular events. Due to the progress in the design Thus, we inserted the HiBiT luciferase in the N terminus of each viral protein of HCV without consideration of the structure, and we determined the infectivity of the recombinant viruses. Our findings revealed that the recombinants carrying HiBiT in the N terminus of E1, E2, and NS2, but not of other viral proteins, exhibited significant replication. Previous studies revealed crucial RNA sequence and secondary structure for viral propagation, such as cis-replication elements in HCV NS5B (36) and the conserved complementary cyclization sequence in the capsid and 3=-UTR of flaviviruses (37) . It was also shown that insertions in the N terminus of E2 are tolerated by insertion of the HCV chimeric strain J6/JFH1 (38, 39) . In the present study, we obtained the recombinant JFH1 strain tagged in the viral envelopes, but recombinants showed a lower replication rate than that of the parental virus, suggesting that subtle structural changes in association with host and/or other viral proteins participate in viral replication (40) . The reporter viruses constructed in previous studies used a full-length fluorescent or bioluminescent protein followed by an autoprotease, such as 2A of foot-and-mouth disease virus (18, 41, 42) . The insertion of a large fragment encoding the reporter protein together with the cleavage sequences (reaching approximately 300 amino acids) into a viral genome presents the risk of impairment of viral growth and genetic stability. In this study, we observed that the recombinant HCV carrying the full-length luciferase gene exhibited a significant growth defect compared growth of the parental HCV (Fig. 1E) . Recently, Eyre et al. showed that recombinant DENV carrying the full-length NanoLuc luciferase in NS1 impaired virus replication (23) . Therefore, we chose to insert a smaller 11-amino-acid HiBiT peptide from the split NanoBiT luciferase system (16, 17) for generation of reporter viruses. The length of these genes is similar to that of commonly used tags, such as hemagglutinin (HA) and FLAG. We demonstrated that the NanoBiT luciferase system is applicable to Flaviviridae viruses, and the HiBiT recombinants were genetically stable and exhibited virological characteristics comparable to those of the parental viruses.
Although a split reporter assay is required in order to express a counterpart protein for the examination of the protein-protein interaction (43) , it is generally difficult to express foreign proteins in primary and nonmammalian cells. In the present study, we showed that the NanoBiT luciferase assay can be used for cells that do not express LgBiT by the addition of the purified recombinant LgBiT protein to infected cell lysates, indicating that the NanoBiT luciferase assay also is applicable to primary and insect cells. In addition, the expression of LgBiT protein in cells showed no effect on virus replication in vitro. Although we have generated the recombinant Flaviviridae viruses carrying HiBiT in the N terminus of viral proteins, further studies are needed to determine the other suitable sites for the insertion of a foreign protein into viral protein genes. Indeed, Eyre et al. successfully generated the recombinant DENVs carrying the FLAG tag or split GFP tag within the middle site of NS1, showing high similarity to the parental DENV (23) . Reverse genetics techniques are necessary for virus research seeking to elucidate viral life cycle and pathogenesis and for the development of antivirals. To date, however, only a limited number of virus strains is available for reverse genetics. Moreover, it is generally difficult to construct cDNA clones of Flaviviridae viruses, especially flavivirus, and thereby to obtain the infectious viruses (15) . In the present study, we initially generated the recombinant viruses using infectious full-length cDNA clones of HCV, JEV, DENV, and BVDV. A bacterium-free CPER method for the generation of infectious flaviviruses was developed recently (33) (34) (35) . We therefore used the CPER method for the generation of an HiBiT recombinant DENV-2 16681 strain, and we successfully obtained a replication-competent DENV-2 virus possessing the HiBiT gene, suggesting that the recombinant reporter flaviviruses can be generated by CPER, and it is envisaged that this approach also can be applied to clinical isolates.
The development of effective prophylactics and therapeutics to control infectious diseases such as dengue and Zika is an urgent medical need, because no licensed reagents are clinically available at this time. We screened the commercially available compound library by using the recombinant Flaviviridae viruses described here, and we identified the compounds that significantly suppressed the viral replication and reported their antiviral activities (29, 30, 44) , suggesting that the recombinant Flaviviridae viruses generated in the present study are applicable to the high-throughput screening of antiviral compounds against infection with flaviviruses. In addition, the viral dynamics and the sensitivity to the antivirals used in clinical settings were evaluated in human liver-transplanted chimeric mice by using recombinant HCV. Infection of recombinant HCV in mice could be monitored by luciferase activity, which was correlated with viral infectivity and sensitivity to the antivirals. Additional investigations of not only drug sensitivity but also tissue tropism by using animal models for other Flaviviridae viruses are necessary for further evaluation of the usefulness of the recombinant flaviviruses.
In summary, we constructed the recombinant viruses of the family Flaviviridae, possessing a small luciferase subunit in viral proteins, and our analyses indicated their usefulness for the screening of antiviral reagents and for investigations of viral dynamics in vitro and in vivo. Our findings will contribute to further studies, including those Tesque) supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, and 10% fetal bovine serum (FBS). The Huh7-derived cell line Huh7.5.1 was kindly provided by Frank Chisari. The bovine kidneyderived MDBK cells were propagated in DMEM supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 5% BVDV antibody-free FBS (Japan Bio Serum), and 5% horse serum (Thermo Fisher Scientific). The Aedes albopictus mosquito-derived cell line C6/36 was grown in Leibovitz's L-15 medium (Thermo Fisher Scientific) with 10% tryptose phosphate broth and FBS at 28°C. Antibodies and reagents. Mouse monoclonal antibodies to ␤-actin, double-stranded RNA (dsRNA), ApoE, and pestiviral NS3 were purchased from Sigma-Aldrich, English & Scientific Consulting Kft, Santa Cruz Biotechnology, and TropBio, respectively. Rabbit anti-CLDN1 and Alexa Fluor (AF) 488-conjugated anti-rabbit IgG antibodies were purchased from Thermo Fisher Scientific. Rabbit polyclonal antibody against HCV NS2 was obtained from Gene Tex. Rat anti-HA antibody was purchased from Roche Diagnostics. Rabbit anti-HCV NS5A antibody and anti-BVDV polyclonal antibody were generated previously (48, 49) . The compounds DCV and SOF were purchased from Shanghai Haoyuan Chemexpress. OBV, PEG-IFN-␣, TVR, IFN-␣, and MPA were obtained from Chemscene, Roche, ChemStep, PBL Biomedical Laboratories, and Sigma-Aldrich, respectively. A chemical inhibitor library of 69 drugs (L1100; Protease Inhibitor Library) was purchased from TargetMol.
Immunoblotting. Cells lysed on ice in lysis buffer (20 mM Tris-HCl [pH 7.4], 135 mM NaCl, 1% Triton X-100, 10% glycerol) supplemented with a protease inhibitor cocktail, cOmplete Mini (Roche), were boiled in loading buffer and subjected to 5 to 20% gradient SDS-PAGE. The proteins were transferred to polyvinylidene difluoride membranes (Millipore) and incubated with the appropriate antibodies. The immune complexes were visualized with SuperSignal West Femto substrate (Thermo Fisher Scientific) and detected by use of an LAS-4000 image analyzer system (Fujifilm).
Preparation of viruses. All of the cDNA-derived JEV and BVDV were rescued as described previously (22, 50) . The supernatants were collected from the electroplated cells, and the infectious titers were determined and expressed as focus-forming units (FFU) or expressed as 50% tissue culture infective doses (TCID 50 ) per milliliter. pHH-JFH1-E2p7NS2mt and mutants thereof were introduced into Huh7.5.1 cells. HCV in the supernatant was collected, and infectious titers were determined by a focus-forming assay and are expressed in FFU. The supernatants were collected and subjected to virus titration. The infectious DENV-4 H241 clone linearized with NotI was transcribed by using an mMESSAGE mMACHINE T7 Ultra kit (Thermo Fisher Scientific), and the in vitro-transcribed RNA (5 g) was electroporated into cells at 5 ϫ 10 6 cells/0.5 ml under conditions of 190 V and 950 F using a Gene Pulser Xcell electroporation system (Bio-Rad) and then plated on DMEM containing 10% FBS. The supernatants were collected from the electroplated cells, and the infectious titers were determined by a focus-forming assay. JEV and DENV were propagated in C6/36 cells in order to reap sufficient virus yields.
Luciferase assay. Luciferase activity was measured by using a Bright-Glo luciferase assay system (Promega) and Nano-Glo HiBiT lytic detection system (Promega) according to the protocol provided by the manufacturer.
Virus replication kinetics. In vitro growth kinetics of the parental and recombinant viruses was evaluated in the susceptible cell lines. In the case of HCV, 100 l of the culture supernatants obtained from the transfected cells was inoculated with the naive Huh7.5.1 cells, and the cell culture supernatants were collected at 12, 24, 48, and 72 h postinoculation. Huh7 and C6/36 cells were inoculated with JEV at an MOI of 0.1. The supernatants of Huh7 cells were collected at 12, 24, 48, and 72 h postinfection, and the supernatants of C6/36 cells were collected at 24, 48, 72, 96, and 120 h postinfection. The replication kinetics of BVDV were determined in MDBK cells by inoculation at an MOI of 0.1 with the collection of cell culture supernatants at 12, 24, 48, and 72 h postinoculation. The virus titers were determined in duplicate using the respective cell lines.
Quantitative RT-PCR. For the quantification of viral RNA copies, total RNA was extracted from cells by using a PureLink RNA minikit (Thermo Fisher Scientific), and then first-strand cDNA synthesis and quantitative RT-PCR were performed by using a TaqMan RNA-to-Ct one-step kit and ViiA7 real-time PCR system (Thermo Fisher Scientific), respectively, according to the manufacturer's protocols. For quantification of viral RNA, the primer sets for the detection of the noncoding region reported in previous studies (51-53) were used. Fluorescent signals were determined by the ViiA7 system. Neutralization assay. The polyclonal antibody against BVDV was 4-fold diluted and incubated with virus (8,000 TCID 50 /ml) for 1 h and then inoculated into MDBK cells. Intracellular BVDV RNA levels and luciferase activity at 48 h postinfection were determined by qRT-PCR and a luminometer, respectively.
Buoyant density fractionation. The culture supernatants of cells infected with the parental and recombinant BVDV were concentrated with the use of Spin-X UF centrifugal concentrators (Corning), applied to the top of a linear gradient formed from 10% to 40% OptiPrep (Axis-Shield) in phosphatebuffered saline (PBS), and spun at 32,000 rpm for 16 h at 4°C by using an SW41 rotor (Beckman Coulter). Aliquots of 12 consecutive fractions were collected from top to bottom, and the density, infectious titer, and viral RNA level were determined for each fraction.
Generation of HiBiT recombinant flavivirus by CPER. The HiBiT recombinant flavivirus was generated by CPER as described previously (35) , with some modifications. The viral RNA was obtained from the culture supernatants of the infected cells of the DENV-2 Thailand/16681/84 strain (GenBank accession number U87411) with the use of a PureLink RNA minikit. The viral RNA was reverse transcribed with a PrimeScript RT reagent kit (Perfect Real Time) (TaKaRa Bio) for cDNA. Seven fragments covering the entire gene were amplified by the respective primers and PrimeSTAR GXL DNA polymerase (TaKaRa Bio). The seven PCR products and UTR linker were cloned into pCR-Blunt II-TOPO vectors (Thermo Fisher Scientific). The plasmids were completely sequenced as described above. Eight PCR fragments next were generated with PrimeSTAR GXL DNA polymerase and primer pairs that have complementary ends with a 24-to 30-nucleotide overlap. The resulting eight DNA fragments then were mixed in equimolar amounts (0.1 pmol each) and subjected to CPER with PrimeSTAR GXL DNA polymerase (an initial 2 min of denaturation at 98°C; 20 cycles of 10 s at 98°C, 15 s at 55°C, and 12 min at 68°C; and a final extension for 12 min at 68°C) to generate circular DNA. The CPER products were transfected into Huh7 cells with Trans IT LT-1 transfection reagent (Mirus). The culture supernatants were harvested 15 days posttransfection.
Animal experiments. For HCV infection, the generation of uPA ϩ/ϩ /SCID ϩ/ϩ mice and the transplantation of human hepatocytes were performed as described previously (54, 55) . All mice were transplanted with frozen human hepatocytes obtained from the same donor. The mice were anesthetized during infection, extraction of serum samples, and euthanasia. The concentration of human serum albumin was measured as described previously (54) . Fifteen to 17 weeks after the hepatocyte transplantation, 15 mice were injected intravenously with 10 5.1 FFU (1 ml) of the recombinant virus. Mouse serum samples were obtained at 1-or 2-week intervals after HCV infection, and the HCV RNA levels were measured. After HCV RNA levels in blood reached a plateau, OBV (5 mg/kg of body weight, per os) and pegylated IFN-␣ (30 g/kg, subcutaneously) were administered into the mice, and the liver samples were collected after euthanization for the detection of viral RNA and luciferase signals. The total RNA of the liver samples was purified with a PureLink RNA minikit and was subjected to qRT-PCR as described above. The remaining liver samples (150 mg) were homogenized by using an ultrasonic disintegrator in 1 ml of lysis buffer (100 mM Tris-HCl, 2 mM EDTA, 0.1% Triton X-100, pH 7.8), and the supernatants obtained after centrifugation at 15,000 ϫ g for 30 min at 4°C were used for luciferase assay as described above.
Statistical analysis. Results are expressed as the means Ϯ standard deviations or standard errors. The significance of differences in the means was determined by Student's t test.
